We investigated the secular trend in white blood cell (WBC) count and the relationship between WBC count and mortality between 1958 and 2002.
White blood cell (WBC) count is a marker of systemic inflammation, and elevated WBC count is associated with all-cause (1) as well as cancer (2) , cerebrovascular (3) , and cardiovascular (4) mortality. The WBC count is an independent risk factor for cardiovascular and cerebrovascular events (3, 5) and a negative prognostic factor in congenital heart disease patients (6) . Accordingly, WBC count is considered a biomarker of inflammatory processes that actively contribute to vascular injury and atherosclerosis (7, 8) . Whether elevated WBC count directly contributes to cardiovascular disease and mortality (9) or is merely a marker of negative cardiovascular risk profile remains controversial (10, 11) .
Over the last century, the percentage of persons who smoke declined, whereas the percentage of obese and sedentary individuals increased substantially (12, 13) . Whether the longitudinal trends in these risk factors account for changes in WBC count and potentially for the association between WBC count and mortality has not been investigated. Limited data exist on the longitudinal trend of WBC and the relationship between WBC and mortality over the second half of the 20th century. With the data from the BLSA (Baltimore Longitudinal Study of Aging) trial gathered from 1958 to 2002, we studied the longitudinal trend in WBC count and the relationship between WBC and mortality.
Methods
Study sample. The BLSA trial is a cohort of volunteers continually recruited since 1958, primarily from the Baltimore-Washington, DC, area. Participants healthy at study entry were consecutively enrolled in the study. From 1958 to 1978 the cohort included exclusively men; women were enrolled after 1978. A general description of the BLSA trial has been previously reported (14) .
In this analysis, we considered 2,803 participants (1,083 women and 1,720 men) enrolled from 1958 to 2002. Participants had a median of 4 evaluations (range 1 to 28). Men had a median of 6 visits (range 1 to 28) over 22 Ϯ 13.6 years, and women had a median of 3 visits (range 1 to 14) over 13 Ϯ 7.9 years: 272 men and 294 women had a single evaluation.
Participants were evaluated every 2 years at the Gerontology Research Center in Baltimore, Maryland. Follow-up visits lasted 2 to 3 days and included medical evaluations and physiological and cognitive tests performed by a physician, nurse practitioner, or physician assistant. Fasting blood samples were collected in the morning and analyzed by the clinical laboratory of the Johns Hopkins Bayview Medical Center. WBC count. Total WBC count (cells/mm 3 ) was performed with standard automated clinical methodologies. Evaluating WBC trajectories over time in specific individual and in the entire sample, we found no evidence for sudden change in WBC count at the times when methods for the assessment of WBC count were changed.
Participants were grouped according to the following cut points: 3,500, 6,000, and 10,000 cells/mm 3 . Two of these values delimit the WBC count normal range (3,500 to 10,000 cells/mm 3 ), whereas 6,000 is the WBC count threshold above which mortality was higher than the average population mortality. Differential blood counts were obtained starting in 1968 and are available for only part of the database. Percentages of neutrophils and lymphocytes were determined by microscopic examination of Giemsastained peripheral blood smear. The absolute neutrophil and lymphocyte counts were calculated applying percentage to total WBC count. Mortality. Participants' vital status was determined by telephone follow-up, correspondence, and searches of the National Death Index. Cause of death was determined by a consensus of 3 physicians who reviewed death certificates, medical records, correspondences, and other available material and adjudicated as "cardiovascular," "cancer," or "other." Covariates. Body mass index (BMI) was calculated as weight in kilograms divided by the square of height in meters. Participants were categorized as smokers, former smokers, or never smokers at each visit, on the basis of self-report. Leisure time physical activity was assessed by self-report of the amount of time spent performing 97
Baseline Characteristics of the Study Participants According to the Vital Status at the End of the Follow-Up (20) . Proportional hazards regression models were used to determine the contribution of WBC count to mortality, with the survival functions developed by Therneau and Brambsch (21) . The Martingale residuals from the proportional hazards regression models were plotted versus WBC count. The Martingale residuals represent the "excess mortality" that reflects the discrepancy between observed hazard and expected hazard of mortality (21) . Exploration of the Martingale residuals further supported the WBC classification into the 4 groups (Յ3,500; 3,501 to 6,000; 6,001 to 10,000; Ͼ10,000) used in this analysis.
The effect of baseline WBC count on mortality was examined by Kaplan-Meier estimates and tested by proportional hazard analysis, with the classification in 4 WBC count groups described previously. In additional analyses, we used longitudinal time-dependent survival models where the subject's WBC count and covariates were allowed to vary over time. Time-dependent covariates in the longitudinal analyses used the Anderson-Gill formulation as a counting process (22) . For each subject, time was divided into intervals between evaluations, and the covariates were based on the evaluation at the start of the interval. Thus, the Baseline Characteristics of the Study Participants According to WBC Count Groupings (21) . Proportionality was examined with both Kaplan-Meier plots and scaled Schoenfeld residuals by time plots. KaplanMeier plots examined the survival function in each WBC group according to the baseline evaluations. Survival plots seemed to be proportional, with exception of group with WBC count Յ3,500. Given a covariate, Schoenfeld residuals are the covariate-value for each person who died at a specific time minus the expected value of the covariate for the risk set at that specific time. Plotting Schoenfeld residual against the log transformation of time, with the cox.zph procedure in S-PLUS 6.2, the proportionality of the hazard was confirmed in all WBC groups.
To test whether the effect of WBC count on mortality was due to a relative acute or rapidly progressing illness, survival models were also estimated in subjects who survived at least 3 or 5 years after their initial evaluation. These models had similar findings to the full models and are not reported.
All analyses were performed with S-PLUS version 6.2 (Insightful Inc.). A 2-tailed p value Ͻ0.05 and 95% confidence interval (CI) were used to indicate statistical significance.
Results
Description of the sample. Characteristics of the participants are reported in Table 1 according to the vital status at the end of the follow-up and in Table 2 according to the WBC groups. There were 944 deaths over 48,347 personyears of follow-up: the unadjusted mortality rate was 22.5/ 1,000 person-years in men and 12.7/1,000 person-years in women. Compared with survivors, those who died were The absolute difference between the observed mortality hazard and the expected mortality hazard over time is expressed as excess mortality and plotted against white blood cell (WBC) count for the entire sample. The dashed lines represent the 95% confidence intervals.
more likely to be smokers, were less physically active, and had significantly worse cardiovascular risk profile. Independent of age and date, both at baseline and in subsequent follow-up visits, decedents had higher WBC count than survivors ( The downward trend in WBC count observed in men was independent of the age of the participants at the study entry in each decade from the 1960s to the 1990s. An exception was the irregular WBC count time trends found in participants older than 80 years over all the decades (data not shown) and the higher WBC count observed in the participants enrolled at age 40 to 59.9 years in the decade 1990 to 2000. Results were similar for women, limited to the 2 decades of enrollment (data not shown). In the period from 1958 to 2002, former and current smokers had always higher WBC count than never smokers and participants with higher BMI considered as time-dependent covariates had higher WBC count. However, WBC secular downward trend was independent of smoking and/or BMI in the entire period (data not shown). On the contrary, being physically active was associated with lower WBC count. An increase in physical activities of 100 METs/min/day was associated with a decrease of 18 WBC/mm 3 . However, the slight changes of physical activity in the BLSA participants over time did not significantly impact the WBC count secular downward trend. WBC count and mortality. The relationship between WBC count and mortality was nonlinear, with a nonsignificant upward mortality trend for WBC Ͻ3,500/mm 3 and a significant linear increase in mortality for WBC Ͼ3,500/ mm 3 ( Fig. 2A) . Cardiovascular mortality increased linearly with higher WBC count (Fig. 2B) , whereas there was a little effect of WBC count on cancer mortality (Fig. 2C) . Because of the nonlinear relationship between WBC count and all-cause mortality, 4 WBC groups were identified on the basis of the values that identify the WBC normal range in our laboratory (3,500 cells/mm 3 and 10,000 cells/mm 3 ) and the visual identification of the value of WBC associated with increased mortality (6,000 cells/mm 3 ) on functional form of the WBC mortality curve (Fig. 2, Table 2 ). The lowest crude mortality rate was found among participants with WBC 3,501 to 6,000 (13.7/1,000 personyears). Participants with WBC count below and above the range 3,501 to 6,000 experienced increased mortality. The highest mortality (30.2/1,000 person-years) was observed in participants with WBC Ͼ10,000 (Table 3, Fig. 3A) . Compared with the WBC group with lowest crude mortality, participants with 6,001 to 10,000 WBC and those with WBC Ͼ10,000 had an unadjusted hazard ratio (HR) for mortality of 1.54 (95% CI 1.33 to 1.78) and 1.99 (95% CI 1.54 to 2.57), respectively (Table 3) . After adjustment for confounders, the mortality HR remained significantly higher in participants with WBC 6,001 to 10,000/mm 3 (HR 1.28, 95% CI 1.01 to 1.63), and in those with WBC Ͼ10,000 (HR 1.62, 95% CI 0.92 to 2.85) compared with the reference group. The small number of participants did not allow any significant conclusion in term of mortality risk associated with WBC Յ3,500, although the partial adjusted HRs tended to remain higher compared with the reference group (Table 3, Fig. 3B) .
Mortality Rate and Hazard Ratio in WBC Count Groups
A further analytical model that allows participants to shift between WBC count groups over time confirmed the same findings. Participants within WBC 6,000 to 10,000, who theoretically have "normal" WBC count, had 30% to 40% higher risk of mortality compared with those with WBC 3,501 to 6,000. Participants with WBC Ͻ3,500 had 3-fold higher mortality (HR 3.33, 95% CI 1.38 to 8.05), and those with WBC Ͼ10,000 had 2-fold higher mortality (HR 2.12, 95% CI 1.45 to 3.08) compared with subjects with WBC 3,501 to 6,000. These results remained statistically significant after multiple adjustments (Table 4 , Models 1, 2, and 3). No significant interaction was found between gender and WBC count and between age and WBC count, suggesting that WBC is a similar risk factor for mortality in men and women and the association between WBC count and mortality is similar at different ages. In analyses restricted to participants with differential WBC count (n ϭ 6,227 observations), the association between WBC and mortality persisted in participants with WBC Յ3,500, whereas it was no longer significant in those with WBC 6,000 to 10,000 and WBC Ͼ10,000 after adjustment for neutrophil count (Table 4 , Model 4). Independent of confounders, neutrophil count remained strongly associated with mortality.
The Kaplan-Meier survival curve summarizing the relationship between baseline WBC group membership and mortality are reported in Figure 3A . Expected survival adjusted for age, race, gender, date, BMI, smoking, physical activity, and major cardiovascular risk factors estimated by proportional hazard models are depicted in Figure 3B . The hazard associated with a given WBC group membership compared with the reference group was approximately constant over the 40 years of follow-up. Above the threshold of 3,500 WBC/mm 3 , the estimated mortality risk was Abbreviations as in Table 1 .
11% higher per each baseline additional increase of 1,000 WBC/mm 3 . Interestingly, WBC count increased progressively in participants who died during the follow-up starting several years before death, whereas WBC count remained stable over time in those who survived (Fig. 4A) . In the subgroup with differential count available, the rise of WBC count was mostly accounted for by neutrophils and was already significant 5 years before death (Fig. 4B) . Lymphocytes remained substantially stable over the same period (Fig. 4C) . WBC and mortality across the decades. From 1958 to 2002, the crude and the age-adjusted mortality rates decreased over time in the entire sample and in groups with WBC 3,500 to 6,000, 6,001 to 10,000, and Ͼ10.000/mm 3 ( Table 5 ). Owing to the small number of participants and deaths, the age-adjusted mortality rate could not be reliably estimated in the extreme group with WBC Յ3,500/mm 3 (Table 5 ). However, within each cohort all-cause mortality were significantly higher in participants with WBC Ͼ6,000/mm 3 than in those with WBC 3,500 to 6,000/ mm 3 . After adjustment for age, gender, smoking, race, BMI, and systolic blood pressure, the adjusted mortality HRs for participants with WBC Յ3.500, 6,001 to 10,000, and Ͼ10,000/mm 3 compared with WBC 3,500 to 6,000/ mm 3 tended to decline in subsequent decades from 1960 to 2000 (Table 5 ).
Discussion
Over the period from 1958 to 2002, we observed a downward trend in WBC count and a parallel decline in age-specific mortality. The WBC count was nonlinearly associated with all-cause mortality and almost linearly associated with cardiovascular mortality. The independent association between WBC count and mortality was maintained in subsequent cohorts. Within WBC count strata 3,500 to 6,000, 6,001 to 10,000, and Ͼ10,000/mm 3 , mortality rates were progressively lower in successive cohorts from the 1960s to the 1990s, suggesting that the secular downtrend in WBC count was not a major cause of the decline in mortality.
Our findings are the first evidence of a downward trend in WBC count over the period from 1958 to 2002. The secular downward trend in WBC count might be attributed to concurrent environmental changes (i.e., less exposure to infective agents and/or improved sanitary conditions) and lifestyle modifications (i.e., smoking, physical activity, diet, and alcohol) (23, 24) . In the BLSA population, the percentage of current smokers declined from 40% in the early 1960s to Ͼ10% by the early 1990s, and this decline was 25% greater than in the whole U.S. population. This study confirmed the theoretical impact of smoking on WBC count and previous findings that tobacco abstinence is associated with lower WBC and neutrophil count (24, 25) . Additionally, we found that the WBC count secular downtrend was partially independent of changes in smoking behavior over the same period.
Obesity is associated with a proinflammatory state (26), characterized by increased C-reactive protein, interleukin-6, Figure 4 Longitudinal Changes in WBC, Neutrophil, and Lymphocyte Counts
Longitudinal changes of age-and date-adjusted (A) white blood cell (WBC), (B) neutrophil, and (C) lymphocyte counts observed in the BLSA participants according to time before death for participants who died during the follow-up, and time before censorship for those who were censored. Note that neutrophils and lymphocytes are limited to participants who had differential WBC count (n ϭ 6,227). 95% confidence interval estimated by a bootstrapping method.
and WBC count (27) . In the BLSA participants, an upward secular trend in BMI occurred, particularly beginning in the late 1980s (28) . Although BMI and WBC count were correlated, the secular downward trend in WBC was independent of changes in BMI. Physical activity might also affect both the WBC downward trend and the mortality via the beneficial effect of exercise on the innate and adaptive immunity. Regular exercise might positively impact the release of antiinflammatory cytokines (29, 30) , T-helper1/T-helper2 imbalance and neutrophil, natural killer cell, and macrophages activity (31) . In the BLSA population, we found a slight upward longitudinal trend in physical activity, particularly from 1970s to 1990s (15) . Interestingly, most physically active participants were in the lowest risk WBC count group, and physical activity was inversely associated with WBC count, but we found no evidence that changes in physical activity affected secular WBC downtrend.
We showed a nonlinear relationship between WBC count and all-cause and cancer mortality and a linear relationship between WBC count and cardiovascular mortality (9) . Our findings that participants with Ͼ6,000 WBC/mm 3 had higher mortality risk compared with those with WBC 3,500 to 6,000/mm 3 are consistent with current published data suggesting that high WBC count is a risk factor for mortality (4 -9) . The significant higher mortality risk, even within the normal range of WBC (6,000 to 10,000/mm 3 ) compared with WBC 3,500 to 6,000/mm 3 , suggest that WBC count is a marker of subclinical disease (4, 10) . Although we need to use caution in interpreting the higher mortality observed in participants with WBC Ͻ3,500/ mm 3 , because of limited sample size and small number of events, this finding might indicate that participants in this WBC group had general poor health status (32) .
The secular mortality decline, observed in subsequent BLSA cohorts enrolled from the 1960s to the 1990s, is at least in part independent of WBC secular downward trend and suggests that other factors, such as the changes in the treatment of inflammatory related conditions, should be considered. In a subgroup of the BLSA participants, we found that those who died during the follow-up had a progressive elevation in WBC and neutrophil counts starting 5 years before death, whereas those who remained alive had an opposite trend in both WBC and neutrophil counts. In the same BLSA subgroup, neutrophils mainly accounted for the effect of WBC on mortality, suggesting that a specific cell type or other aspects of inflammation might cause vascular disease and be directly associated with increased mortality (8, 9, 33, 34) . The present study has limitations. The BLSA sample includes highly educated individuals of high socioeconomic status who were considered healthy at study entry and therefore are not representative of the general population. Data from women were available only from 1978, and data from American minorities are available only from 1990. Methods of WBC determination changed over time. However, measurements were performed in the same clinical laboratory, comparability between different methods were directly verified, and sudden changes in the WBC count over time ascribable to changes in methodology were not detected. Although the major traditional cardiovascular risk factors were considered in our analysis, we had no information on inflammatory factors, high-density lipoprotein cholesterol, coagulation factors, and so forth, for which WBC might be a surrogate marker. Inclusion of these factors in the analysis might have explained to a greater extent the relationship between WBC count and mortality.
In conclusion, our study suggests a downward trend in WBC count only partially explained by behavioral changes that occurred in the BLSA participants over the period from 1958 to 2002. The age-specific mortality rate in each successive cohort of participants declined over the 44 years of follow-up, but we found little evidence that such a decline in mortality was due to the secular downward trend in WBC. However, by showing that participants with WBC Ͼ6,000/mm 3 experienced higher mortality compared with those with 3,501 to 6,000 WBC/mm 3 , that the increased risk of mortality associated with high WBC was maintained over the entire follow-up period, and that subjects who died had progressively higher neutrophil count compared with those who survived, our study suggests that differential WBC counts should be systematically screened and factored in the cardiovascular risk profile and ultimately considered in clinical decisions concerning prescription of preventive interventions.
